Unsteady vortex structure in the wake behind bluff body was experimentally investigated by wind tunnel experiment. A flexible rectangular plate, which was made of a soft polyurethane block, shows the sway motion and flow-induced vibration caused by fluid force. Phase-averaged vortex structures behind the flexible plate were educed by Particle Image Velocimetry (PIV) using light sensors. The size of recirculation region and upwash flow in the wake were influenced by unsteady motion of the plate vibration.
Introduction
The purpose of this study is to educe experimentally unsteady vortex structures which separated from a flexible rectangular plate with sway motion and flow-induced vibration by wind tunnel experiment. Vortex shedding from bluff bodies such as a rectangular plate or a circular cylinder shows "time-dependent" unsteady motion by the movement of separation point. The flexible rectangular plate, which was made of soft material (polyurethane block), was cantilevered on a flat ground plate. The top free end of the plate showed a sway motion when the plate bent itself for the downstream direction by fluid force. Then increasing sway angle, the top free end involved flow-induced in-line vibration with a small amplitude. This is a typical phenomena on fluid-structure interaction problem.
Flow-induced vibration has been investigated in detail for various engineering applications such as buildings, aircrafts and a pipe system. Especially self-induced vibration of bluff bodies caused by vortex shedding is one of important subject. There is considerable amount of research (see the reviews by Bearman (1) ; Naudascher and Rockwell (2) ). Most of the bluff bodies in these researches had a stiffness with no elastic deformation and were rigidly supported on the wall. Few studies were concerned with the flow-induced vibration which occurred in flexible bodies. The stability of a cantilevered elastic beam in leakage flow was studied by theoretical analysis (3) . Brika and Lanneville have investigated the vortex-induced oscillations of a long flexible circular cylinder (4) .
However, previous studies have focused attention on the amplitude and the shedding frequency of vibration. The amplitude of flow-induced in-line oscillation of a circular cylinder supported by a spring mount was studied in water tunnel experiment (5) .
Flemming and Williamson (6) have investigated the motion of a pivot cylinder with two-degree of freedom (the streamwise and the transverse direction). They thoroughly discussed vortex structures in the wake of the pivot cylinder with flexibility.
On the other hand, vortex structures behind a surface-mounted bluff body which has free end also have been discussed by many researchers. The dominant vortex structures were a tip vortex shed from top free end, spanwise vortices from side ends and a horseshoe vortex. Martinuzzi and Tropea (7) have visualized three-dimensional vortex structures around surface-mounted obstacles with change of aspect ratio. Wang et al. (8) and Okamoto et al. (9) have observed the dominant vortex structure behind bluff bodies was influenced by the aspect ratio of height and width. In particular, Okamoto et al. found that the spanwise vortex changed to a hairpin type vortex when the aspect ratio of the bluff body was small enough. However most of these studies have reported about not a flexible body but a solid body. Ishikawa et al. have conducted a wind tunnel experiment to investigate vortex structures behind a live tree (10) . It was found that the drag coefficient of a live tree in the strong wind was much smaller than that of a normal circular cylinder which is a typical bluff body. These results confirmed that the sway motion due to the flexibility of a live tree affected the drag characteristic. The flexible rectangular plate, which we discussed here, bent itself for downstream direction and decreased the aspect ratio automatically. However, our previous research (11) paid attention to time average vortex structure has not extracted yet the transition of dominant vortex structure with aspect ratio's change which Okamoto et al. (9) had mentioned. Furthermore the effect of flow-induced in-line vibration on vortex structures was not clarified. More experimental research for unsteady vortex structure organized by the material flexibility and the flow-induced vibration is expected to be used more for engineering applications in the future. In this paper, phase-averaged vortex structures which was defined by the phase of the vibration were measured by Particle Image Velocimetry (PIV). We focused on phase-averaged unsteady vortex structure when the vibration displacement was at the top and bottom position of the vibration.
Experimental setup
PIV experiment was conducted in a circuit-loop type wind tunnel with working section 400 mm height, 200 mm wide and 900 mm long. Main flow velocity U 0 is 2.0 m/s, and the turbulent intensity in the main flow is about 1.5%. The corresponding Reynolds number, based on the plate width w, main flow velocity and kinetic viscosity is 11,000. Figure 1 shows schematic diagram of the experimental setup, coordinate system and a flexible rectangular plate which was used as a test piece. The plate has a height h of 200mm, width w of 80mm and thickness d of 20 mm respectively. The plate was made of polyurethane block which has an apparent density of 15 kg/m 3 . The natural frequency of the flexible rectangular plate is 2.7 Hz. The plate was cantilevered on a flat ground plate with airfoil leading edge. The aspect ratio of the plate width w and thickness d is enough large so that only in-line vibration occurs without cross flow vibration. The x axis is in the direction of the main flow, the y axis is the plate's height direction and the z axis is the spanwise direction. The velocity components u and v defined respectively x and y axial velocity. The measurement regions were located in xy plane at z/b = 0, 0.125, 0.250, 0.375 and 0.500.
In the flow, this flexible rectangular plate was swayed in the downstream direction, and involves a flow-induced vibration after reaching the maximum sway angle of about 31 degree. The definition of phase of the plate vibration is defined in Fig. 2 . When the top free end is located at top dead position of the vibration is defined as "phase φ=0". And when the top free end is located at bottom dead position is defined as "phase φ=π". In order to detect the position of the plate's end, two light sensors which measure the change of the light intensity when the plate's vibration motion intercepts the beams, were synchronized with PIV system. By using these two light sensors to distinguish between the phase φ=0 or φ=π and the "swing up state" or "swing down state", it makes possible to capture four pattern PIV images at each phase. Figure 3 shows the time change of vibration displacement of the top free end and its frequency. The vibration displacement measured by image analysis shows unsteadiness in amplitude. The maximum amplitude is about 2mm. It was found that the frequency of the vibration was 3.6 Hz.
PIV images are recorded with a 1392 × 1024 pixel CCD camera. Light sheet that is created by the double pulsed Nd:Yag laser (120mJ/pulse). The flow was seeded with 5 μm dioctyl sebacate (DOS) particles. Each pair of synthetic PIV images is analyzed by computing the image cross-correlation in 4 mm × 4 mm (32×32 pixel) sub-images with a Maximum sway angle 50% overlap between adjacent interrogation regions. The size of PIV measurement region is 174 × 128mm. We discussed here the flow structure in xy-and xz-plane. Taking into consideration the intense three-dimensionality in the wake behind the surface mounted body, velocity vectors in cross-sectional yz-plane were also measured to maintain the conformity of obtained three-dimensional flow structure in each cross-section.
Results and discussion

Time-averaged vortex structures
First, a general flow pattern in the wake behind our flexible rectangular plate is described as follows. Figure 4 is the time-averaged vortex structure which shows contours of mean streamwise velocity u and flow patterns (11) . The color contour illustrated the absolute value of time-averaged streamwise velocity. Solid lines around the plate indicate flow pattern generated from time-averaged velocity vector components. The outline shape of the flexible rectangular plate corresponds to the average position at the maximum sway angle. The characteristics of the flow pattern is described as follows: Approaching flow stagnated in the front of the flexible plate. Then flow moved up and separated from top free end of the plate. Fluid force acts on the pressure side and swayed the plate in the downstream direction. Large recirculation region and upwash flow were generated just behind the plate. A focus point which is related to the three dimensional flow structure is generated near the top free end in xy-plane. In xz-plane shown in Fig.4(b) , flow pattern shows a trajectory which was similar with a large vortex pair in the height of y/h = 0.4. Figure 5 shows flow pattern at the phase φ = 0. Flow approached to the pressure side and then moved to the top free end and both side ends of the flexible plate, similarly to the time-averaged structure. The flow pattern shows upwash flow structure from the ground plate was generated in the case of swing up to the phase φ = 0. While the case of the swing down state from phase φ = 0, the upwash flow was further enlarged. The size of recirculation region became further small due to the enlarged upwash flow. Separated shear layer was moved upward because of the enhanced upwash flow. Enhancement of upwash flow caused by plate's free end vibration was also observed in the change of transverse velocity. Figure.7 shows the change of transverse velocity v at each vibration phase. During swing down motion from φ = 0 to π, the transverse velocity was increased behind the plate. Consequently, upwash flow was enhanced because the swing down motion of the plate tip pushed out the fluid in suction side to the downstream direction. Then, in the state of swing up motion from phase φ = π to 0, the transverse velocity component was disappeared. After upwash flow structure was disappeared, a large vortex structure separated from both side ends was generated in the recirculation region (shown in Fig. 8(a) ).
Phase-averaged vortex structures
Unsteady vortex structure behind the flexible bluff body is as follows: the vibration of the top free end of the flexible plate caused by fluid force affected the recirculation region. The swing down motion of the top end enhanced upwash flow structure generated behind the flexible plate. The upwash flow structure decreased the recirculation region and disappeared in swing up motion of the free end. Then a large vortex pair shed from the plate's side ends was generated repeatedly. The growth of the vortex pair shows unsteadiness related with the flexible plate vibration. 
Concluding remarks
In this study, unsteady vortex structure in the wake behind flexible rectangular plate with sway motion and flow-induced vibration was measured by PIV experiment. Phaseaveraged vortex structure was educed by our technique using two light sensor. Direction of the vibration of the flexible plate (swing up and swing down) much affected unsteady vortex structure. Especially the swing down motion of the plate's vibration enhanced the upwash flow in wake region of the plate.
After upwash flow disappeared, a roll-up vortex structure separated from both sides of the plate. However the effect of flow-induced vibration on vortical structure in the wake of flexible bodies was not still unsolved even in our time-averaged and phase-averaged analyses. Further investigation focused on the instantaneous vortex structure and the another approach from the view point of the mechanics of the materials are necessary.
